The fatigue properties of stainless steel wire ropes with 19 strands developed for a functional electrical stimulation (FES) electrode in simulated body fluids were investigated. The wire ropes were made of a new austenite stainless steel (Fe-22Cr-10Ni-6Mn-2Mo-0.4N alloy) and Type 316L stainless steel. Fatigue properties of the wire ropes were evaluated in Hanks' solution and 1 mass% lactic acid solution at 310 K using a dual axel-driven rotating-bending fatigue machine. After fatigue testing, the wire ropes were examined by scanning electron microscopy and the metal ion concentrations in the solutions were quantitatively determined. Corrosion products in the solutions were analyzed by transmission electron microscopy. Under low maximum cyclic bending stress level, the Fe-22Cr-10Ni-6Mn-2Mo-0.4N alloy wire rope exhibited a higher cyclic life than the Type 316L stainless steel wire rope. Metal ion concentrations in the lactic acid solution increased with increasing of number of fatigue cycles, and no corrosion products were detected. In Hanks' solution, ferric oxyhydroxides (FeOOH) were formed as corrosion products during fatigue testing and the concentrations of metal ions were lower than those in the lactic acid solution for cyclic tests over 10 4 cycles.
Introduction
The electrode in a functional electrical stimulation (FES) system plays an important role as an interface between the stimulator and the human body. 1) Electrodes for percutaneous FES systems have been developed by various research groups including ours. [2] [3] [4] Type 316L austenite stainless steel was adopted as the material for the percutaneous electrode in our group. This electrode has demonstrated high reliability when used in electrical stimulation systems for the human body. In the percutaneous FES system, however, daily maintenance of the region around lead exit sites to avoid infection is a burden to patients and their families. Therefore, a totally implantable system would be more desirable for FES. In our group, a totally implantable FES system with a maximum of thirtytwo stimulus output channels has been investigated. 5) The functional requirements of an electrode in the totally implantable FES system were that it should be more biocompatible and reliable than that in the percutaneous FES system, because its replacement is not as easy and it is expected to function for at least ten years after implantation.
Recently, a new austenite stainless steel with higher nitrogen, Cr and Mn contents than the Type 316L stainless steel has been developed. The authors previously reported the basic properties of an electrode made of the new stainless steel.
6) The new stainless steel is a candidate for the electrode material in a totally implantable FES system because of its excellent cold workability, high tensile strength, high corrosion resistance and low magnetic susceptibility. Therefore, mechanical properties and metal ion elution behavior in the simulated body fluids must also be evaluated.
In the present work, fatigue properties of wire ropes made of the new stainless steel and the Type 316L stainless steel were evaluated in the simulated body fluids, Hanks' solution and 1 mass% lactic acid solution.
Experimental
Wire strands, 25 mm in diameter, were made of the new austenite stainless steel (Fe-22Cr-10Ni-6Mn-2Mo-0.4N alloy) and the Type 316L stainless steel for FES electrodes. Chemical compositions of both the stainless steels are shown in Table 1 . The contents of Cr and Ni were increased and decreased, respectively, compared with the Type SUS 316L stainless steel. The increase of nitrogen and manganese contents stabilizes the austenite phase. The tensile strength values of the cold drawn wires in the Fe-22Cr-10Ni-6Mn-2Mo-0.4N alloy and the Type 316L stainless steel were 2600 and 2040 MPa, respectively. The wire ropes used for fatigue tests were woven with 19 strands resulting a total diameter of 125 mm. Figures 1(a) and (b) show the cross sectional shape and side surface of the wire rope before fatigue testing, respectively.
Fatigue life of the wire rope was evaluated using a dual axel-driven rotating-bending fatigue machine, which is schematically shown in Fig. 2 . A pair of axles were rotated in the opposite directions bending the specimen wire rope repeatedly. The rotation rate of the axles was fixed at 1000 rpm. The bending stress was varied by changing the distance between the two axles. This distance was varied from 2 mm to 15 mm, corresponding to the maximum cyclic bending stress () from 2500 to 333 MPa in a wire strand. The values of were roughly estimated from using the following equation:
where E is Young's modulus of stainless steel (200 GPa), d is the diameter of a wire strand (25 mm) and D is the distance between the centerline of the two axles. The fatigue testing was stopped when the specimen wire rope failed or the number of cycles reached 10 7 cycles. The curved part of the specimen wire rope was immersed in either Hanks' solution with initial pH of 7.4 or 1 mass% lactic acid solution with initial pH of 2.2 heated at 310 K. The volume of solution was 30 cm 3 . After fatigue testing, the fracture surface and side surface of the wire ropes were observed by scanning electron microscopy (SEM, XL30FEG, Philips). The solution used for fatigue testing was filtered with a membrane filter made of polycarbonate with 0.1 mm pore size. The metal ion concentrations in the filtrate were quantitatively determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES, SPS1200A, SII). Particles extracted on the membrane filter were analyzed by transmission electron microscopy (TEM, H-800, Hitachi). Figure 3 shows the fatigue curves of the wire ropes in rotating-bending fatigue testing. In number of cycles to failure, (N f ), and maximum bending stress, (), curves, a change in gradient was observed at around 10 4 cycles. No failure up to 10 7 cycles was observed for the Fe-22Cr-10Ni-6Mn-2Mo-0.4N alloy wire rope in Hanks' solution and 1 mass% lactic acid solution at maximum bending stress of 714 and 625 MPa, respectively. In comparison, the Type 316L stainless steel wire rope failed under all of the conditions examined except 333 and 385 MPa in Hanks' solution, and exhibited a lower cycle life than the Fe-22Cr-10Ni-6Mn-2Mo-0.4N alloy wire rope.
Results
Scanning electron micrographs of the Fe-22Cr-10Ni-6Mn-2Mo-0.4N alloy wire rope after fatigue testing are shown in Fig. 4. Figures 4(a) and (d) show the cross section of the whole wire rope, which did not fail up to 10 7 cycles. Other photographs in Fig. 4 show the fracture surface of the wire strands after failure. The surface layer of wire strands was worn and their cross-sectional shape became polygonal under low maximum cyclic bending stresses as shown in Figs. 4(a) , (b), (d) and (e). The worn surface under low maximum cyclic bending stresses indicates that severe wear was progressed on the surface of wire strands during fatigue testing. Figure 5 shows SEM images of the Type 316L stainless steel wires after fatigue testing at various maximum cyclic bending stresses. Figures 6 and 7 show the concentrations of iron, chromium and nickel ions released from the wire ropes into Hanks' solution and 1 mass% lactic acid solution, respectively, as a function of number of cycles (N e ). In Hanks' solution, the metal ion concentrations were less than 0.1 mass ppm. In the lactic acid solution, the metal ion concentrations increased with increasing of number of cycles in fatigue testing. Figures 8(a) and (b) show the transmission electron micrographs of the corrosion products extracted on the filter after filtration of Hanks' solution after fatigue testing of the Fe-22Cr-10Ni-6Mn-2Mo-0.4N alloy wire rope at ¼ 500 MPa up to 10 7 cycles. The rod-shaped particles were observed in the TEM image shown in Fig. 8(a) . The electron diffraction revealed that the corrosion products wereFeOOH. Spherical small particles have been also found in the other fields of TEM image shown in Fig. 8(b) , and appeared to be consisted of , and -FeOOH. The formation of ferric oxyhydroxides (FeOOH) was observed after fatigue testing of the Type 316L stainless steel wire rope in Hanks' solution as well as the Fe-22Cr-10Ni-6Mn-2Mo-0.4N alloy wire rope. No corrosion products were found in the lactic acid solution after fatigue testing of both the wire ropes.
Discussion
In the lower N f region below approximately 10 4 cycles, fatigue cracks appear to nucleate at the wire surface and then propagated inside of the wire due to a high stress concentration caused by the cracks. 7) Since the fatigue strength of both the stainless steel wire ropes was independent of the type of solution, chemical reaction between the wire and solution was not a dominant factor of the fatigue fracture in the low N f region. On the other hand, in the higher N f region above 10 4 cycles, the fatigue strength depended on the type of solution. This result suggests that fatigue fracture was affected by a corrosion reaction on the surface of wire strands. The Fe-22Cr-10Ni-6Mn-2Mo-0.4N alloy wire rope exhibited higher cyclic life than the Type 316L stainless steel wire rope in both solutions. The Type 316L stainless steel wire rope was fractured at maximum cyclic bending stress of 500 MPa, while the fatigue fracture of the Fe-22Cr-10Ni-6Mn-2Mo-0.4N alloy wire rope was not observed at maximum bending stress below 625 MPa up to 10 7 cycles. It was suggested that mechanical properties such as high strength and hardness of the Fe-22Cr-10Ni-6Mn-2Mo-0.4N alloy wire rope delayed nucleation of a surface crack and its propagation in the low N f region. The new stainless steel contains 0.4 mass% nitrogen as an alloying element. It was reported that nitrogen in austenitic stainless steels improved their fatigue properties due to solid solution strengthening and interaction with dislocations and with other alloying elements. 8, 9) As for corrosion resistance, nitrogen has been observed to retard localized corrosion initiation and to suppress the growth of the localized corrosion attack effectively by promoting passivity. 10, 11) The increase of chromium contents in stainless steels is also known to improve the resistance to pitting corrosion.
10) The excellent fatigue properties of the Fe-22Cr-10Ni-6Mn-2Mo-0.4N alloy wire rope relative to the Type 316L in the present work seem to be due to the beneficial effects of the nitrogen and chromium.
In the high N f region, the fatigue strength in 1 mass% lactic acid solution was lower than that in Hanks' solution for both the stainless steel wire ropes. In addition, a marked reduction of cross-sectional area of wires and metal ion elution were observed in the lactic acid solution. These results indicate that 1 mass% lactic acid solution is a more severe environment for stainless steels than Hanks' solution.
The relative amount of metal ions released from stainless steel wire rope in 1 mass% lactic acid solution was in the order of iron > chromium > nickel as shown in Fig. 7 , of which order corresponded to compositions of the stainless steels. The concentrations of metal ions released from the Fe22Cr-10Ni-6Mn-2Mo-0.4N alloy wire rope in 1 mass% lactic acid solution were measured under a statically condition. The wire rope was set to the fatigue machine without rotating and bending, and immersed statically in the 1 mass% lactic acid solution at 310 K for 604.8 ks. The distance between the two axles was 15 mm. The period of time corresponds to that required for 10 7 cycles in the fatigue testing. The concentrations of iron, chromium and nickel ions were 0.033, 0.012 and 0.018 mass ppm, respectively, which were much lower than those released from wire rope during fatigue testing. This result suggests that the formation of wear debris and the removal of passivation film during fatigue testing accelerated the elution of metallic ions. The formation of small wear debris increased the elution rate of metal ions because of increased surface area per unit volume. The passivation film, mainly Cr 2 O 3 , is formed on the surface of stainless steel in simulated body fluids. In the fatigue testing, however, the passivation film might be partly removed by the wear on the surface of wire strands. Regeneration time of the passivation film on the Type 316L was reported to be 35.3 min in 0.9% saline.
12) Therefore, the metal ions could elute from the surface of wire strands during fatigue testing.
Any other reactions except elution of metal ions did not appear to occur in the lactic acid solution. On the contrary, the corrosion products such as rod-shaped and spherical ferric oxyhydroxides were formed during fatigue testing in Hanks' solution. Ishikawa et al. synthesized rod-shaped -FeOOH in 0.033 mol (5.4 g/l) FeCl 3 aqueous solution at 323 K, and reported that the formation of -FeOOH requires halogen ions. 13) Hanks' solution contains a concentration of Cl À ions of more than 5 g/l, so that -FeOOH could be formed using iron ions eluted from the wire ropes in Hanks' solution. The spherical ferric oxyhydroxides might be formed on the wear debris generated from the wire rope during fatigue testing. It is well known that wear debris and corrosion products generated from implant materials cause the inflammatory response in the human body. [14] [15] [16] The effect of the wear debris and corrosion products from FES electrodes on the human body is a future work.
The formation of ferric oxyhydroxides in Hanks' solution may suppress the concentration of iron ions at a lower level than that in the lactic acid solution. It was reported that coprecipitation ability of chromium ions with iron ions via hydrolysis was higher than that of nickel ions.
13) The difference of coprecipitation ability might be the reason why the concentration of nickel ions was much higher than that of chromium ions in the present work in spite of lower nickel contents in the stainless steel wire ropes.
Conclusions
Fatigue properties of the wire ropes made of the new austenitic stainless steel (Fe-22Cr-10Ni-6Mn-2Mo-0.4N alloy) and the Type 316L stainless steel intended for use in FES electrodes were investigated in Hanks' solution and 1 mass% lactic acid solution at 310 K, yielding the following findings.
(1) The Fe-22Cr-10Ni-6Mn-2Mo-0.4N alloy wire rope exhibited higher fatigue strength than the Type 316L stainless steel wire rope in a dual-driven rotatingbending fatigue test. The improved fatigue properties of the Fe-22Cr-10Ni-6Mn-2Mo-0.4N alloy wire rope may be due to he beneficial effects of nitrogen alloying. (2) The surface layer of wires was worn out by wear observed under low maximum bending stress level. The wear in the lactic acid solution were more pronounced than that in Hanks' solution. (3) The metal ion concentrations in the lactic acid solution increased with increasing of number of cycles in fatigue testing. In Hanks' solution, the concentrations of metal ions were less than those in the lactic acid solution for tests above 10 4 cycles. (4) In Hanks' solution ferric oxyhydroxides (FeOOH) were formed as corrosion products during fatigue testing for both stainless steel wire rope alloys, which might keep iron and chromium ions at low concentration.
